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Abstract

:

The increasing demand for fossil fuels and the depleting of light crude oil in the next years generates the need to exploit heavy and unconventional crude oils. To face this challenge, the oil and gas industry has chosen the implementation of new technologies capable of improving the efficiency in the enhanced recovery oil (EOR) processes. In this context, the incorporation of nanotechnology through the development of nanoparticles and nanofluids to increase the productivity of heavy and extra-heavy crude oils has taken significant importance, mainly through thermal enhanced oil recovery (TEOR) processes. The main objective of this paper is to provide an overview of nanotechnology applied to oil recovery technologies with a focus on thermal methods, elaborating on the upgrading of the heavy and extra-heavy crude oils using nanomaterials from laboratory studies to field trial proposals. In detail, the introduction section contains general information about EOR processes, their weaknesses, and strengths, as well as an overview that promotes the application of nanotechnology. Besides, this review addresses the physicochemical properties of heavy and extra-heavy crude oils in Section 2. The interaction of nanoparticles with heavy fractions such as asphaltenes and resins, as well as the variables that can influence the adsorptive phenomenon are presented in detail in Section 3. This section also includes the effects of nanoparticles on the other relevant mechanisms in TEOR methods, such as viscosity changes, wettability alteration, and interfacial tension reduction. The catalytic effect influenced by the nanoparticles in the different thermal recovery processes is described in Sections 4, 5, 6, and 7. Finally, Sections 8 and 9 involve the description of an implementation plan of nanotechnology for the steam injection process, environmental impacts, and recent trends. Additionally, the review proposes critical stages in order to obtain a successful application of nanoparticles in thermal oil recovery processes.
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1. Introduction


According to the International Energy Agency (IEA), the world’s demand for fossil fuels is expected to increase by about one-third by the year 2035 [1]. Currently, light crude oil reserves are the main energy source that supplies the global energy demand due to its high quality as well as low production cost. Nevertheless, light crude oil reserves are depleting [2,3]. In this sense, exploitation of heavy oil (HO) and extra-heavy oil (EHO) has been considered an interesting strategy to supply the energy demand since these reservoirs are approximately of the same order than conventional crude oil [4]. However, low American Petroleum Institute (API) gravities (˂20°API), high viscosities (˃100,000 cp at 25 °C) of the HO and EHO as well as geological difficulties, increase the costs of production, transportation, and refining in comparison with conventional hydrocarbons [5,6]. HO and EHO are characterized by having a high percentage of asphaltenes (>15% by mass) and resins (>40% by mass), as well as a relatively low proportion of low molecular weight compounds. Besides, it may also have high contents of pollutants like sulfur and nitrogen, metals like nickel, vanadium, and iron, salts, low H/C ratio and produces more than 50% by mass of residue with boiling points above 500 °C. Its high viscosity causes multiphase flow, pipes clogging, high pressure drops, and production stops [7].



Currently, due to high reserves of Canadian oil sands, Venezuelan heavy oils, and UK continental Shelf, the HO and EHO production has received great attention from the oil and gas industry. In South America, Colombia is the third largest oil producer in the region [7]. Within national production, more than 50% is framed in the production of HO and EHO. Within the Llanos Basin, in the Chichimene located at the east central Colombia, there were estimated 1.8940 × 1010 barrels of original oil in place (OOIP), including HO and EHO [8]. Besides, Capella field, located in the North part of Caguan-Putumayo basin, produces a heavy oil with average gravity of 9°API and viscosities between 2500 and 4000 cp at reservoir conditions (56 °C and 1250 psi) [9]. Within the first processes used for artificial lift wells producing EHO and HO, progressive cavity pumps (PCP) and electro submersible pumps (ESP) are used. Notwithstanding, fluid viscosity affects the power consumption of an ESP motor and directly the efficiency of the technique, increasing the energy consumption, and the PCP systems require longer stabilization time compared with ESP equipment [10]. Hence, the development of cost-efficient technologies for heavy crude oil recovery is challenging nowadays.



Improved oil recovery (IOR) and enhanced oil recovery (EOR) methods have been developed to increase the oil production and reserves [5]. IOR strategies are used to recover mobile crude oil and/or immobile crude oil in the near wellbore, while EOR methods are employed to recover mostly immobile crude oil that remains in the reservoir after application of primary and secondary methods [11]. Major EOR technologies categories are chemical, gas, and thermal methods [12]. Chemical injection of surfactant, polymer, and solvents are the mostly used EOR methods. Nevertheless, the efficiency of the chemical injection is affected mainly by adsorption and/or degradation in the porous medium, reducing the cost/benefit ratio [13,14,15], and in most cases these processes are not suitable for immobile heavy and extra-heavy crude oil and oil sands [16].



Gas methods use hydrocarbon gases (CH4, C3H8, or natural gas) or nonhydrocarbon gases (N2 or CO2) that dissolve in crude oil and improve its recovery by decreasing oil viscosity and expanding oil volume [17,18,19,20]. The theory behind these processes is the HO and EHO viscosity reduction caused by the dissolving of the gas injected and, thus, the displacement efficiency is improved. However, the unfavorable viscosity ratio CO2, N2, CH4, C3H8/HO-EHO leads to a combination of gas fingering and gravity override through more permeable zones, achieving to early gas breakthrough and, ultimately, less oil being recovered [20,21]. The same behavior for EOR is observed by surfactant flooding [16].



In this order, gas and chemical injection often lead to poor mobility control and severe viscous fingering mainly in heavy and extra-heavy crude oils due to the high viscosities, resulting in insufficient sweep and displacement efficiencies [22]. In addition, chemical processes are limited to the high cost of products, potential sources of formation damage, and losses of the chemicals in the reservoir [23]. Thermal methods consist in the introduction of heat into heavy crude oil reservoirs by different methods such as, but not limited to, cyclic steam stimulation (CSS) [17,24], steam flooding, and steam-assisted gravity drainage (SAGD), where horizontal wells are applied to optimize the production process [25,26] and/or in-situ combustion (ISC) [7,23,27,28], which are summarized in Table 1.



These methods allow the mobility of heavy crude oil or bitumen in reservoirs by changing some properties such as viscosity and density. Nevertheless, thermal methods involve a large inversion in heat generation, injection, and recycling facilities that increase the operational costs [6]. To decrease the cost of HO recovery, new and novel methods that involve nanotechnology have been developed [29]. The use of nanotechnology in thermal processes emerges as an alternative for extra-heavy and heavy crude oils upgrading and recovery, which may lead to low energy consumption, less environmental impacts, and a high recovery factor [29,30]. Recently, metal and metal oxide nanoparticles (NPs) have been evaluated for asphaltene sorption and subsequent catalytic decomposition. The results have shown that nanocatalysts can considerably reduce the decomposition temperature of the asphaltenes as well as the effective activation energy, confirming their catalytic activity toward decomposition of long-chain hydrocarbons towards lighter fractions with smaller molecular weight, which implies viscosity reduction and mobility improvement of the producing heavy crude oils [31,32]. The partial upgrading of heavy crude oil is related to many types of catalytic processes such as thermal cracking [33,34], aquathermolysis [24,35], hydrocracking [36], oxidation [37,38,39,40,41,42], pyrolysis [38,42,43,44], and steam gasification [30,45,46,47,48,49].



Although the thermal recovery of heavy crude oil with nanoparticles is a relatively new technology, this has been widely investigated [23,30,44,50,51,52,53,54]. However, to the best of our knowledge, there is no detailed information in the scientific literature on the influence of nanomaterials for the upgrading of heavy and extra-heavy crude oils in enhanced thermal recovery techniques. In this context, the main objective of this work is to show the catalytic influence of different nanomaterials under different atmospheres such as air, steam, and inert atmospheres applied in CSS, steam flooding SAGD, and/or ISC thermal processes for the upgrading of HO and EHO based on an exhaustive review. For this, the work is divided into nine important sections. The first section has a description of the physical-chemical properties of HO and EHO and the decomposition of its heavy fractions in the absence of nanoparticles. In the second section, the interactions generated between the nanoparticles and the asphaltenes and the variables that can influence the adsorptive phenomenon are presented in detail. The third, fourth, fifth, and sixth sections describe the catalytic effect that the nanoparticles generate in the processes of thermal recovery by decomposing this fraction of the crude oil under steam, air, and inert gas injection processes, as well as electromagnetic heating, respectively. Section 7, Section 8, Section 9 describe the applicability of nanofluids and nanoparticles nanotechnology under field conditions, environmental impacts, and emerging trends. It is expected that this review opens a new panorama towards the application of nanotechnology to heavy crude oil upgrading and recovery by thermal processes.




2. Physical-Chemical Properties of Heavy (HO), Extra-Heavy Crude Oil (EHO)/Bitumen


Heavy and extra-heavy crude oils have specific properties that make them problematic in production, transport, and refinery operations [6,7,55]. These crude oils have very high viscosity values, which prevents them from flowing easily through the porous media and the production and transport lines. In addition, they have low values of American Petroleum Institute (API) gravity (EHO < 20 ° and HO < 10 °), which implies higher specific gravity values compared to light oils [44,56,57,58]. The main cause of the problems presented by heavy crude oils and bitumen is the high content of heavy fractions such as asphaltenes and resins in their molecular structure. Crude oil components are generally categorized as saturates, aromatic, resins, and asphaltenes (SARA) [59,60]. The saturated compounds are the nonpolar fraction of the crude oil, and it comprises linear, branched, and cyclic saturated hydrocarbons [61]. Aromatics are the nonpolar fraction that contains aromatic rings in its molecular structure [60]. On the other hand, asphaltenes are the polar component of the crude oil and together with the resins compose the heaviest fraction, leading to high production and refinery costs [62,63]. The resins differ from the asphaltenes, in that the former is soluble in n-paraffins (n-heptane, n-pentane among others), while the asphaltenes are insoluble in these compounds and soluble in aromatics such as toluene and benzene [64]. Additionally, asphaltenes have a high content of heteroatoms (N, O, S) and metals (Ni, Fe, V) located close to each other, which allows them to generate a dipole moment triggering the self-association of these molecules [65,66]. Several chemical structures of asphaltenes have been proposed, such as island, archipelago, continental, or rosary-type molecules [67]. The first structure is composed of one polycyclic aromatic hydrocarbon (PAH) core and seven fused rings, while the archipelago type structure is composed of more than one PAH connected by alkyl chains [68].



On the other hand, the continental architecture is composed by a big PAH of more than seven fused rings [69]. The rosary-type is composed of more than two PAH and with flexible aliphatic chains [68,69]. Recent research suggests that asphaltenes, in general, are a mixture of two main fractions, A1 and A2. The A1 fraction represents about 70% of the mixture and has low solubility in toluene (90 mg·L−1). The A2 fraction has a high solubility (57 g·L−1), which is very similar to the solubility of the total mixture. In response to this definition, it should be noted that the strong trend of aggregation of asphaltenes is due to the presence of the insoluble fraction (A1), which is present in lower quantity [70]. In this sense, studying the colloidal aggregation processes of A1 and A2 fractions allows an understanding of the properties of the total asphaltene fraction [71]. Nuclear magnetic resonance spectroscopy (NMR) studies combined with elemental analyses suggests that there are structural differences for the A1 and A2 fractions, such as those shown in the M1 and M2 models, where the molecular structure of the M2 was constructed from the opening of two aliphatic rings in M1 [70]. The proposed molecular models M1 and M2 for the graphical description of asphaltene fractions A1 and A2, respectively, are shown in Figure 1.



From Figure 1 is observed that the A1 fraction is formed by the bond of aromatic and aliphatic rings, which suggests a nucleus composed of polycyclic and naphthenic aromatic units (PANU), fused in a large flat nucleus. In the case of the A2 fraction, a large number of aromatic carbons is observed, and the presence of small amounts of PANU bound by aliphatic chains is suggested [70]. In this way and from a qualitative point of view, it can be expected that a material represented by the M2 model should have greater solubility than the M1 model. Consistent with these ideas, it should be noted that the A1-based aggregates form at very low concentrations and the addition of A2 on these aggregates prevents their growth beyond the colloidal size, i.e., keeps the A1 molecules dispersed [70]. In this sense, Figure 2 shows a model of molecular mechanisms that simulate the nanoaggregates between four asphaltene A1 molecules represented under the M1 model and three A2 represented under the M2 model.



However, the stability of asphaltenes depends to a large extent on the content of resins present in the crude oil matrix, because they can avoid asphaltene–asphaltene interactions by positioning on the surface of the asphaltene aggregate, penetrating its microporous structure and finally breaking the aggregation system [72,73,74] Previous studies have reported that higher adsorption of the resins on the colloidal fractions showing a higher affinity for A1 than for A2, indicating that the resin–A1 interactions are more favorable than the A1–A1 interactions [70]. At the beginning, the A2 molecules keep the A1 aggregates in dispersion by a steric effect. However, after the resins enter the surface of A1, they generate competition for their active sites together with A2, which generates an interfacial destabilization of the dispersion that ends at the union of the flocs of A2 and the successive aggregation, now surrounded, by resin molecules [75].



On the other hand, the resins are classified as resin I and resin II (Figure 3). In general, resins II have a higher carbon number and hydrogen per average molecule. However, the H/C ratio is lower, which indicates its greater degree of unsaturation. Considering the aromatic carbons per molecule, a greater number is observed in resins II, which indicates that these structures have greater aromaticity [76]. If the aromatic hydrogens are compared, it is possible to affirm that due to its decrease, the resins I have a high condensation of the aromatic structure.



The length of the alkyl chains shows that the resins II have a greater number of carbons associated, indicating a greater length. Resin I, according to several studies, has a preference for precipitating with the asphaltenes of crude oil [77]. The alkyl chains and the heteroatoms present in the molecule help to generate the molecular interactions with the asphaltenes, forming in this way aggregates, where there are trapped lighter molecules that inevitably are dragged during the precipitation of these fractions [76].



However, heavy and extra-heavy crude oils commonly do not exhibit problems of asphaltene precipitation and deposition due to the high content of asphaltenes and resins lead to the formation of a viscoelastic network that reduces the flow of crude oil due to the high viscosities [78]. In this sense, enhanced oil recovery (EOR) methods have been developed to facilitate the extraction of this type of crude oil by thermal processes that allow decomposing the asphaltene molecules or interrupt the viscoelastic network to generate reductions in viscosity [79,80]. The process involves the decomposition of the asphaltene molecules by effect of elevated temperatures under different atmospheres such as air [40,45,81,82], steam [83,84], inert [44,85,86], and air/steam. Figure 4 shows a thermogravimetric analysis of the asphaltenes under different atmospheres.



As can be seen, under the three atmospheres, the cracking of the asphaltenes occurs at several stages, and they start at 400, 426, and 465 °C for inert, air, and steam atmospheres, respectively [44,82,87]. Several authors explain this phenomenon due to the presence of a distribution of sizes of asphaltenes of high to low molecular weight, where the heavier fractions decompose at higher temperatures [30,45,88] and the different intensities of the different peaks is attributed to possible addition or aggregation reactions of n-C7 asphaltene after its initial cracking. After the asphaltene molecules are subjected to thermal processes involving oxidation, pyrolysis, gasification reactions, and coke formation can be generated. In both pyrolysis and gasification, coke yield of 61.2% [33] and 63.3% [38] can be generated, respectively, while oxidation completely inhibits the formation of this residue. To understand this phenomenon in greater detail, Figure 5 shows a basic scheme of the reaction associated with the oxidation temperature of asphaltenes and describes the decomposition of these molecules into lighter fractions by means of two main ways: oxygen and free radicals [89]. Once the hydrocarbon molecules react with the oxygen, lighter hydrocarbon chains are formed. In the first stage, hydrocarbon branched with alcoholic and aldehyde groups are formed. Then, the reaction can take two routes. In route 1, CO can be generated resulting in R-CO• radicals and subsequently CO is released. In the route 2, the -CHO groups are further oxidized into compounds containing carboxyl groups, and carboxyl groups are broken off from the main hydrocarbon chains to generate CO2.



On the other hand, the oxidation of resins has also been studied [73]. Unlike asphaltenes, the decomposition under oxidation conditions of the resin I molecules from a 6.2°API EHO of starts at much lower temperatures, around 200 °C, because the resin has a higher content of aliphatic compounds than asphaltenes molecules [73]. Additionally, the second peak of greater intensity is found at approximately 500 °C and peaks of lower intensity between 380 and 450 °C where the oxidation of the heavier molecules present in the molecular structure of the resins is generated. Additionally, the gasification of resins II and complex systems R:A (Resins: Asphaltenes) under isothermal and nonisothermal conditions, at temperatures below 240 °C. The authors found that the increase in content of resins II in the systems decreases the activation energy to carry out the decomposition of the system. Finally, considering the above, it is important to decompose these molecules in order to bring the crude oil to better viscosity conditions and API gravity to facilitate production, refinery, and transport operations [88]. However, the conventional thermal enhanced oil recovery processes do not generate an upgrading in the crude oil quality, due to the low temperatures at which it operates, since asphaltene and resins decompose mainly at temperatures above 400 °C [88].




3. Interaction between Heavy Crude Oil Fractions and Nanoparticles


It is important to study the adsorption of asphaltenes and resins over nanoparticles mainly for two reasons: (i) depending on the affinity that they have for the nanoparticle, they can be eliminated from the heavy and extra-heavy crude oils and, therefore, making the remaining fraction feasible for production and transport through reduction of viscosity and increase in API gravity values without a source of external heat in the reservoir [90,91,92,93,94], and (ii) the catalytic properties of the nanoparticles could facilitate catalytic decomposition reactions resulting in lighter components in the crude oil [29]. To understand the mechanism of interaction between nanoparticles and the heavy fractions of crude oil, it is important to remember that the aggregation of asphaltenes at low concentrations combined with the slow growth of these aggregates above the initial concentration is what allows reaching the solubility concentration of subfraction A1 at approximately 90 mg·L−1 [70]. That is, close to this concentration a formation of nuclei formed by subfraction A1 occurs that is surrounded by subfraction A2 and allows it to be kept soluble [70]. It leads to the nucleation and growth of subfraction A1 is not very soluble and it is able to be solubilized because the subfraction A2 surrounds it, preventing a higher aggregation. When the nanoparticles contact with the heavy crude oil fractions, they can act directly in the A1 fraction preventing their growth by the aggregation of the nuclei, because the interactions generated between NPs-A1 subfraction are stronger than A1–A1 interactions by the presence of different functional groups on the surface of the nanoparticles [70,95].



Hence, several authors have studied and used a wide range of materials for the asphaltene adsorption, and especially the nanoparticles have shown a better performance as composite and/or functionalized materials. The effect of several variables in adsorption processes such as the contact time [96], heptane/toluene ratio [97], initial concentration of asphaltenes and/or nanoparticles, pressure/temperature [98,99], concentration of other fractions such as resins [100], among others, have been studied. The implementation of γ-Al2O3 nanoparticles [96] is one of the first studies that contemplate the use of nanoparticles for the adsorption of asphaltenes. This nanomaterial presented rapid adsorption of the heavy fraction, approaching the equilibrium in 2 h for the different concentrations of n-C7 asphaltene used (100, 500, and 1000 mg·L−1). In addition, the obtained adsorption isotherms were Type I, indicating a high affinity between the adsorbent and the adsorbate, with an adsorbed amount of 2.18 mg·m−2 for a concentration in the equilibrium CE of 3200 mg·L−1 approximately. Finally, the thermodynamic studies showed that the adsorption is spontaneous and exothermic nature [96]. In addition, the modification of the surface acidity of the nanoparticle also generates an effect on the interactions with asphaltenes. The alumina nanoparticles, when modified, acquire new chemical structures on their surface as shown in Figure 6.



The results evidenced that asphaltene adsorption followed the order: acidic > basic > neutral surfaces. This is mainly due to (i) the different counterions present in the nanoparticle surface and (ii) that the interactions for acidic alumina with polar asphaltenes can be very strong and give rise to molecular associations such as a weak chemical bond [101]. In addition, Franco et al. [40] evaluated the effect of the surface acidity in asphaltene adsorption over silica nanoparticles, and they found a higher affinity for asphaltene adsorption for acidic silica nanoparticles, followed by basic and neutral, according to the results reported by other studies [96].



Different types of nanostructured iron oxides have also been investigated, such as magnetite (ᵞ-Fe2O3), hematite (α-Fe2O3) [102], or iron (II, III) oxide (Fe3O4). The results showed that the magnetite nanoparticles (MNP) have a maximum adsorption capacity of 108.1 mg·g−1 while those of hematite (HNP) have a maximum adsorption capacity of 458 mg·g−1. Adsorption kinetics studies show that the process in the presence of HNPs reaches equilibrium faster than for MNPs, which indicates that structural differences generate an effect on the adsorption process. Finally, the nature of the adsorptive phenomenon over HNP and MNP nanoparticles is exothermic and endothermic, respectively [102].



Nickel-based or nickel-containing nanomaterials have also been used in this area. The size of NiO nanoparticles was evaluated in the adsorption of Quinolin-65 by Marei et al. [103]. The results of experimental adsorption isotherms confirmed that nanoparticles with large size (80 nm) have the highest adsorption capacity, while 5 nm size particles have the lowest. In addition, through computational modeling, a better understanding of the Q-65 interaction with NiO nanoparticles was obtained. The results indicate that, by changing the nanometric size between 5 and 80 nm, NiO nanoparticles undergo dramatic changes in surface and textural properties, which consequently affect their adsorption behavior [103]. Supports of fumed silica [82], titania, and alumina [45] for nickel and palladium nanoparticles dosed with a mass fraction of 1% of each one, showed adsorbed amounts of 0.52, 3.11, and 1.67 mg·m−2, respectively, while for the supports without metals on their surface, the maximum amounts adsorbed are 0.35, 2.78, and 1.3 mg·m−2, respectively. The improvement in the adsorptive capacity is due to the dispersion and stabilization of the asphaltenes on the surface of the nanoparticles, in addition to having a heterogeneous adsorbent with multiple selectivities. Besides, Janus-type nanoparticles impregnated with a fraction mass of 15% have been employed to evaluate the adsorption capacity and affinity with asphaltene molecules. Figure 7a shows a TEM image of the synthesized Janus nanoparticles with a partial roughness that can be seen on the half surface, which correspond to the nickel oxide on the NPs surface. Figure 7c shows the adsorption isotherms from these nanoparticles. It is possible to see an increase in the capacity of adsorption of the Janus nanoparticle compared with those of silica which can be attributed to the intermolecular forces present between the more polar components of the asphaltenes and the Ni-O bonds and silanol groups on the surface of the particles [104].



Other organic-based nanoparticles have also been studied, such as carbon nanospheres (CNS), whose adsorptive capacity is affected by the resorcinol/catalyst ratio (R/C), a high value of R/C implies greater asphaltene adsorption. Additionally, the impregnation of these nanospheres with (NH4)10H2(W2O7)6 increases the adsorption capacity of nanomaterial and its affinity for asphaltenes. Comparative studies to evaluate nanoparticles of different natures have been reported in the literature [41,83,106]. Several types of silica nanoparticles (amorphous, fumaric, crystalline, and commercial) were compared with alumina nanoparticles, among which, SiO2 showed higher asphaltene adsorption, and with the dosage of a mass fraction of 5% and 15% of nickel, increase their adsorptive capacity [106]. As for metal oxides nanoparticles, the adsorption increases in the order TiO2 < NiO < MgO < Fe3O4 < Co3O4 < CaO [107]. Finally, among the variables that can affect the adsorption of asphaltenes on nanoparticles, is the effect of resins I. In addition, resin adsorption and the effect of resins in asphaltene adsorption over silica [107], hematite [107], silica functionalized with 1% in a fraction mass of NiO and PdO [73] were evaluated. Franco et al. [73] showed that the resin adsorption, as an individual component, depends on its affinity for the nanoparticle and nature thereof. Furthermore, the adsorption of asphaltenes in the presence of resins is not affected by changes in their colloidal state if not by the affinity between the resin and the nanoparticle.



The property that allows understanding the adsorption phenomenon between asphaltenes and nanoparticles is Polanyi’s potential. Polanyi’s theory of physical adsorption is defined as an adsorption energy thermodynamically equal to the negative value of the free energy of change of the asphaltenes from the bulk phase to the adsorbent state [108]. Polanyi’s potential is independent of temperature for a given adsorption volume, described by Equation (1).


     (    ∂ A   ∂ T    )     N  a d s     = 0 ,  



(1)




where,  T  is the temperature (K),  A  represents the adsorption potential (J·mol−1), and    N  a d s     is the adsorbed amount in mg·g−1. This parameter allows the construction of a representative curve for each adsorbate-adsorbent couple of adsorbed amount as a function of the Polanyi’s potential values. Figure 8 shows a graphical representation of the asphaltene disaggregation phenomenon when it takes contact with the nanoparticles.



Regarding the asphaltene molecular structure, commonly they are composed of aliphatic and aromatic structures. The aromatic part is a polynuclear aromatic moiety, while the aliphatic region contains alkyl chains with variable length, being the first region surrounded by the second. The attraction of the asphaltene molecules is related to the π−π and H-bond interactions between the aromatic structures. By contrast, aliphatic chains induce steric repulsion between the aromatic sheets. It means that the presence of polar and nonpolar groups promote their amphiphilic nature and self-association.



Asphaltenes tend to adsorb over solid surfaces as individual molecules or like colloidal aggregates of different sizes due to their carboxylic and phenolic acid groups. The favorable adsorption of asphaltenes over nanoparticles occurs because of the forces formed by functional groups of the nanoparticles employed and the main functional groups of the asphaltenes, like carbonyl, pyrrolic, pyridinic, sulphite, and thiophenic. Figure 9 shows a representative scheme of the asphaltene adsorption over nanoparticles



In a complement to the experimental studies, mathematically and computationally, studies have also been developed to understand the interactions between asphaltenes and nanoparticles, such as the solid-liquid equilibrium model (SLE) [109]. The model allows describing the adsorption isotherms of n-C7 asphaltenes over different solid surfaces based on three parameters, namely, Henry’s law constant (H), constant of i-mer reactions (K) and maximum amount adsorbed. Considering the first two variables, H indicates the adsorption affinity between the adsorbent-adsorbate couple, where the higher the H value, the lower the affinity. By contrast, K is an indicator of rapid association of asphaltenes once the primary sites over the nanoparticles are occupied [109]. Among the studies that evaluate the influence of asphaltene aggregation on asphaltene adsorption, Franco et al. [37] found through the use of heptol solutions in different ratios (Heptane-Toluene) that with the increase of heptane in the systems, higher adsorption affinities are obtained [37].



In the crude oil matrix, the interactions between asphaltene, resins and nanoparticles can lead to viscosity reduction and is mainly driven by the disruption of the viscoelastic network [92]. This mechanism is based on the disaggregation of the viscoelastic network formed by asphaltenes and resins within the fluid, through interactions between the functional groups of nanoparticles and asphaltenes, since these interactions are stronger than those that exist between asphaltene molecules [94]. Accordingly, several studies have demonstrated that nanoparticle addition of different chemical natures in HO and EHO generates a reduction in viscosity for low nanoparticle concentrations [92,93,110,111]. Comparative studies show that SiO2 nanoparticles reduce the viscosity to a greater degree that Al2O3 and Fe3O4 nanoparticles of different sizes and degrees of surface acidity [112]. In addition, modification in the surface acidity of silica nanoparticle affects the interaction forces; and the performance of these will depend on the amount of active and basic sites of asphaltenes.



Figure 10 shows the rheological behavior of a HO in the presence of different nanoparticles at 25 °C between 0 and 75 s−1. A similar trend is observed for all nanoparticles, reflected in the decrease in viscosity, and with a higher viscosity reduction degree for S8 nanoparticles. In general, when oil is subjected to deformation, and the magnitude of this increases, the microstructure formed by physical asphaltene bonds are destroyed. Then, the bonds weaken, and the asphaltenes move away from each other until they reach a point where a suspension is obtained. When the nanoparticles are added, a similar tendency is observed. However, from the beginning of the adsorption of asphaltenes, the three-dimensional network is disorganized. With the increase in the shear rate, a decrease in viscosity occurs again, until it reaches a point where the magnitude of this value is independent of the shear rate [113].




4. Influence of Nanoparticles in the Air Injection Process


Among the thermal enhanced oil recovery methods that use air injection in the reservoir are in-situ combustion (ISC) [114], Toe To-Heel Air injection (THAI) [115,116], and THAI/CAPRI [117,118] which uses a commercial catalyst around the horizontal producing well to accelerate the oxidation reactions, allowing a heavy crude to reach a gravity of 28°API [119,120]. In this context, the use of catalysts has received great attention from industry and researchers, in order to accelerate the reactions involved in these processes such as oxidation, catalytic disintegration, distillation, and polymerization, which contribute simultaneously with other mechanisms such as steam thrust and vaporization [121].



4.1. Metal and Metal Oxide Nanoparticles


Among the most studied materials are the metal oxide nanoparticles. It was found that the presence of NiO nanoparticles decreases the oxidation temperature of n-C7 asphaltenes from 450 to 325 °C and the activation energy from 91 kJ·mol−1 for a temperature range between 467 and 514 °C to 57 kJ·mol−1 for temperatures between 280 and 350 °C [41]. Additionally, it has been found for NiO nanoparticles that a smaller particle size generates a greater catalytic effect as observed for the oxidation of quinolin-65 which is an asphaltene model molecule [122] and in the oxidation of n-C5 asphaltenes [123]. Comparing the performance of NiO nanoparticles with other materials, Co3O4 nanoparticles also reduce the n-C7 asphaltenes decomposition temperature to 325 °C. However, the intensity of the peak generated in the thermogravimetric analyses at this temperature is lower. In the case of the Fe3O4 nanoparticles, the main decomposition peak is generally found at 365 °C [41]. Regarding differential scanning calorimetry studies (DSC), when asphaltenes are adsorbed on the nanoparticles, the combustion and oxidation occur at lower temperatures. In the absence of nanoparticles, an exothermic effect is observed from 450 °C, whereas when they are adsorbed onto NiO, Fe3O4, and Co3O4 the heat flow evolved drastically. Variations in iron-based nanoparticles, such as maghemite (γ-Fe2O3), showed that the starting temperature of the asphaltene oxidation and the temperature of the maximum oxidation rate decrease by 203 and 123 °C, respectively [124].



In the case of copper nanoparticles, its effect on the combustion process was evaluated by measuring the oxidation kinetics of crude oil, observing an improvement in the rate of combustion at a concentration of 1000 mg·L−1 of nanoparticles. The Cu-NP also allows inhibiting the oxidation reactions at low temperatures, which prevents the increase of the crude oil viscosity in the combustion front [53]. Additionally, hydrophobic CuO nanoparticles increase the average rate of oxygen consumption 1.4 times compared to the experiment without nanoparticles, at low temperatures (LTO), which translates into a reduction in the residual oxygen content [39]. Using high pressure differential scanning calorimetry (HP-DSC) and accelerating rate calorimetry (ARC) it was demonstrated that this nanomaterial significantly improves the oxidation performance of crude oil through the reduction of induction time, reduction of ignition temperature, decrease in activation energy values, and improvement of coke combustion efficiency, both at low and high temperatures [125].




4.2. SiO2 and SiO2-Based Nanoparticles


The effect of SiO2 nanoparticles (amorphous, fumaric, crystalline, commercial, and functionalized) on the asphaltene decomposition under oxidative conditions has been widely studied. Through the change in the surface acidity of the silica nanoparticles, it was demonstrated that catalytic activity is strongly dependent on the surface acidity nature of the catalysts [40]. The temperature increased in the following order basic < neutral < acid < virgin asphaltenes. In addition, the basic and acid nanoparticles promoted the production of CO and CH4 over other gases. The use of silica nanoparticles as support for low loadings of nickel and/or palladium oxides improves the catalytic efficiency of the nanoparticles. It has been found a higher catalytic activity of bimetallic samples in comparison with monometallic samples. A synergistic effect between bimetallic nanoparticles and support reduces the oxidation rate of asphaltenes at even lower temperatures (˂300 °C) [82]. Figure 11 shows a scheme of oxidative reaction and the asphaltene oxidation temperature under oxidation conditions obtained by several nanomaterials. Clearly, the figure shows that the functionalization of support generates better catalytic performance. In this sense, the SNi1Pd1 exhibits the lower asphaltene decomposition temperature and CO2, H2O, NOx, and SOx among others are generated as products of the reaction.



Other studies have evaluated the influence of other factors on the oxidative decomposition of asphaltenes. In general, in the absence of nanoparticles, resins I had no significant effect on the n-C7 asphaltenes oxidation under air atmosphere. However, in the presence of SNi1Pd1 NPs, the oxidation temperature of n-C7 asphaltenes dramatically decreases up to 250, 260, and 270 °C for a load of resins 0.20, 0.10, and 0.06 mg·m−2, respectively. Besides, the activation energy presented a similar behavior that at higher content of adsorbed resins, the activation energy was lower [73]. On the other hand, the asphaltene loading on the surface of the nanoparticle modifies the efficiency of the oxidation process [37]. While the load of asphaltenes decreases, the temperature to generate the same degree of conversion thereof decreases, i.e., the degree of conversion increases, due to a greater provision of active sites in the nanoparticle for the reaction [37]. In addition, the influence of asphaltene aggregation over the catalytic oxidation performance of fumed silica and NiO- and PdO- supported on fumed silica nanoparticles was evaluated by asphaltene adsorption over systems with mixtures of toluene and heptane. The authors demonstrated that catalytic activity of the nanoparticles is affected by this phenomenon since a higher aggregation degree of the asphaltenes decreases the catalytic activity of the nanoparticles, which is reflected in the increase in activation energy values and the decrease in CO2 and CO production [37].



Finally, it is important to mention that to date there have been no studies under dynamic conditions of the air injection processes, opening the opportunity for a deeper investigation in this regard to better understand the background implications that oxidation reactions have on the decomposition of heavy crude oil fractions.





5. Influence of Nanoparticles in Steam Injection Processes


Among the methods of enhanced oil recovery, there is a wide range of processes that take advantage of the thermal properties of steam to generate the decomposition of heavy molecules through gasification, methanation, steam reforming, hydrogenation, aquathermolysis, and water-gas shift reactions [47]. The aquathermolysis reactions begin with the cleavage of the bonds C-S present in the molecular structure of the n-C7 asphaltenes, generating the production of H2S, because C-S bonds are the bonds with smaller energy of dissociation [126]. The reaction mechanism is shown below


  Asphaltenes → Coke +  H 2  S +  H 2  + C  H 4  + C  O 2  + CO +  C 2   H 6  +  Hydrocarbons  3 ≤ C   + HO + LO  
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  HO →    Coke + LO + CH   4     + C   2   H 6     + C     3 +    ,  
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  LO →    Coke + CH   4     + C   2   H 6     + C     3 +    ,  
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where, LO is light oil and HO is heavy crude oil. In this way, there is a decrease in the heavy fraction content in the crude oil matrix and as a result of these reactions, the H/C ratio increases, the quality of the crude oil improves, and the viscosity thereof decreases.



Among the most used techniques are continuous steam injection [127], cyclic steam stimulation (CSS) [128], and steam-assisted gravity drainage (SAGD) [2]. Steam injection techniques do not provide recovery factors greater than 50% [32,49], therefore the industry is looking for techniques to improve the performance of these processes. In this sense, these techniques in combination with nanotechnology have emerged with the main challenge of reducing the asphaltene decomposition temperature and improve the oil recovery. Figure 12 shows a step-by-step diagram of a catalytic steam gasification process. In a first step the asphaltenes are adsorbed on the nanoparticles generating the viscosity reduction by the disaggregation of the viscoelastic network. Subsequently, the asphaltene decomposition by effect of catalytic steam gasification process is carried out. Finally, CO2, H2, CO, and CH4 products are generally obtained in the gasification of heavy hydrocarbons.



5.1. Metal Oxide Nanoparticles


Several studies propose the use of metal oxide nanoparticles for the enhancement of heavy and extra-heavy crude oil properties through interactions with the asphaltenes [45,88,129,130]. Thanks to the catalytic properties of the NiO nanoparticles, several technical approaches and particularly steam gasification reactions [24] have been carried out. Among the best results of the applications of these nanoparticles, is the reduction of the decomposition temperature of Athabasca asphaltenes from 500 to 317 °C in the steam presence [131]. Other studies compare the catalytic activity of NiO nanoparticles with other metal oxides such as Fe3O4 and Co3O4. In general, a decrease in the reaction temperature is observed from 500 to 380, 330, and 317 °C for Fe3O4, Co3O4, and NiO, respectively [131]. Studies on the application of nickel nanoparticles and industrial Raney nickel on steam-stimulation experiments have established important aspect as (i) the degree of in-situ upgrading is strongly dependent on the metal concentration, (ii) a higher degree of catalytic activity is associated to a higher surface-to-volume ratio, (iii) homogeneous distribution of the particles in the porous medium generates a higher efficiency of the upgrading [132].




5.2. Composite Materials


The use of different nanoparticles as catalysts improves the decomposition conditions of asphaltenes through gasification and hydrothermolysis reactions, besides inhibiting the addition reactions of this heavy fraction, by decreasing the peak intensity of decomposition in the high-temperature region (>500 °C). Functionalized nanomaterials have also been used for asphaltene gasification processes, in order to take advantage of the synergistic effect between the materials that make up the catalyst. SiO2 [84], Al2O3 [87], CeO2 [51], and TiO2 nanoparticles [45] have been used as supports for metal oxide nanoparticles. In particular, functionalized SiO2 with a mass fraction of 1% of Ni and 1% of Pd, generates an increase in the production of CH4 over other gases in the steam gasification of asphaltenes [84]. Al2O3 nanoparticles functionalized with a mass fraction of 2% of NiO reduced the decomposition temperature approximately 100 °C and promoted the production of gases such as CH4 and CO above others such as CO2, with a coke yield of approximately 0.13%. However, a mass fraction of 2% NiO supported on TiO2 reduced the temperature by approximately 170 °C and starts the production of the same gases at a lower temperature although the coke residue is higher with a mass fraction of 0.17% [45].



Finally, in order to take these studies to a possible industrial application, the use of the catalysts in the catalytic steam gasification of Athabasca visbroken residue in a fixed-bed reactor was evaluated [129]. The possibility of gasifying this fraction successfully at low temperatures for its hydrogenation was demonstrated.



On the other hand, Ni-Pd/CeO2 generates 93% of n-C7 asphaltenes conversion that are absorbed under a steam atmosphere in a time less than 90 min. Finally, Ni-Pd/TiO2 and Ni-Pd/Al2O3 reached decomposition temperatures of n-C7 asphaltenes of 251 and 257 °C, respectively [45]. Janus-type nanoparticles have also been studied, which present a better scenario to improve the HO and EHO steam injection processes, since they lower the decomposition temperature of asphaltenes up to 200 °C [104]. In addition, these NPs alter other variables such as interfacial tension, whose value decreases due to the surface modification to which this type of material is subjected. In another study Core-Shell nanoparticles have been implemented [133]. In this sense, nanoparticles of silica shell-magnetite core have demonstrated to be efficient systems on the n-C7 asphaltene decomposition under the steam presence. The decomposition over the nanocomposite starts at 200 °C, and the main peak occurs at 440 °C, 20 °C less than the temperature in which asphaltenes in the absence of nanoparticles are decomposed. Besides, the implementation of core-shell nanoparticles promotes the CH4, CO, and light hydrocarbons produced during the decomposition of heavy oil fractions [13]. Besides, due to their magnetic properties, these nanoparticles could be recovered and reused in new injections, generating positive economic and environmental impacts [13,134].



The use of MoS2 NPs doped with various modifications of Ni and thus effect of the content of this metal on the catalytic activity of the material was evaluated. For a ratio (Ni/Mo = 0.45) the best catalytic performance was found in hydrographic reactions in the improvement of crude oils.



As gasification processes involve a range of reactions giving as a result gases such as H2, CO, CO2, and CH4, some studies have focused on catalytically improving certain specific reactions [135]. From the steam reforming, the amount of tar and hydrogen produced from bituminous oil was investigated. In general, with the increase in temperature, the conversion of tar into gas increases and, therefore, the amount of hydrogen increases [136]. When applying nanoparticles of Ni/Al2O3, Ni/Olivine, Ni/Fe2O3, the elimination of the tars is achieved in 99%, 93.1%, and 83.6%, respectively, at a temperature of 900 °C. The water gas shift reaction (WGS) has also been studied by using nanocatalysts based on cerium oxide (CeO2) functionalized with different transition elements oxide (Fe, Ni, Co, and/or Pd) [88]. Here it was obtained an increase of the production of gases and light hydrocarbons facilitating the hydrogenation of asphaltene molecules due to three catalytic routes that involve the effect of the (a) interactions between metals and CeO2, (b) the redox cycle of the support, and (c) the production of hydrogen under two mechanisms that govern the WGSR: redox and formates. Systems compounds by a fraction mass of 1% of Fe-Pd, Co-Pd, and Ni-Pd were employed to estimate the catalytic activity of the nanomaterials to carry out gasification reactions at low temperatures below 240 °C. A really good performance for the couple Ni-Pd supported in CeO2 nanoparticles was obtained, and it is directly related to the influence of nickel oxide as a dispersion material, the beneficial effect of palladium oxide and cerium oxide as an active support material to accelerate the gasification reactions [51]. In this sense, statistical designs to improve the efficiency of gasification processes have been employed (Figure 13). Simplex-centroid mixture design was used to optimize the mass fraction % of NiO and PdO over CeO2 nanoparticle surfaces, and it was found that with a mass fraction of 0.89 and 1.1 of PdO and NiO, respectively, the asphaltene conversion was maximized at 100% in less than 80 min.



From the catalytic evaluation of the seven nanoparticles with the concentrations suggested by the statistical design, the optimum concentration of these metals on the surface of the nanoparticle was determined. Additionally, through the samples used, an increase in the catalytic activity of the bimetallic nanoparticles was observed with respect to the monometallic ones, and a greater effect of the Pd than Ni oxides. Thus, the conversion increased in the order CeO2 < CeNi1 < CePd1 < CeNi2 < CeNi0.66Pd0.66 < CePd2 < CeNi1P1 < CeNi0.89Pd1.1. On the other hand, the self-regenerative property of ceria nanoparticles functionalized with the optimal load of the metal oxides of Ni and Pd was evaluated in their adsorptive and catalytic performance for asphaltene steam gasification. In this sense, nine catalytic cycles were studied, and it was found that the affinity of the asphaltene for being adsorbed over the nanoparticles remains strong with the passage of the cycles, reflected on the type I behavior of the adsorption isotherms, and the decrease in around a 2.6% of Polanyi’s adsorption potential. In addition, the catalytic activity of the nanoparticles is not affected by their regeneration, because they are able to decompose 100% of the amount adsorbed in the nine cycles, and the activation energy only increases by 49.1 kJ·mol−1 units [51]. All these studies give account of the catalytic phenomena that occurred thanks to the effect of the nanoparticles with the asphaltenes at static conditions, however for a more approximate study to reservoir conditions, nanoparticles of silica, alumina, functionalized silica [49], ceria functionalized with NiO and PdO [51], and functionalized alumina [87] have been evaluated at high-pressure conditions. For ceria nanoparticles it was obtained an increase in recovery factor from 63.5% to 75.3% in steam injection with a quality of 70% and 240 °C, highlighting that a hydrogen donor agent was not used to perform the displacement test. In addition, the crude oil quality experienced a great upgrade. In fact, asphaltene content was reduced from 28.7% to 12.9%, API gravity increased by approximately a 50%, and the viscosity reduction was around 78%. All these results are explained by two main mechanisms, where viscosity reduction is caused by a re-organization of the crude oil viscoelastic network by the strong interactions between asphaltene and nanoparticles that are generated and by the catalytic activity of the nanoparticles.



For monometallic and bimetallic nanoparticles supported on Al2O3 nanoparticles, in the first instance, it was demonstrated that the variation of steam quality in the absence of nanoparticles generates an impact on the oil recovery factor (RF), showing a higher value for the RF for a higher steam quality, however, the quality of the crude does not change. With the addition of nanoparticles, an increase in °API gravity of approximately 5 and 7°API was achieved for the AlNi2 and AlPd1Ni1 nanoparticles, respectively, so there was a permanent improvement in oil quality, including an increase in recovery for a quality value of 50% of 20% and 13% for the use of bimetallic and monometallic nanoparticles, as shown in Figure 14.



On the other hand, another study involved the use of nanofluids of SiO2 nanoparticles functionalized with nickel and palladium oxide at a mass fraction of 1% (SiNi1Pd1) and a recovery of 56% was observed. Additionally, under these same conditions and fluids, the characterization of the effluents after the steam injection shows an increase in the API gravity of the crude from 7.2 to 12.1°. In addition, through SARA analysis and simulated distillation (SimDis), it was demonstrated that the asphaltene content had decreased in the oil crude matrix (Figure 15) and that the viscosity of the fluid had increased [49].



Another important result obtained with the application of SiNi1Pd1 nanoparticles is the reduction in viscosity and the shift in rheological behavior of the heavy crude oil, which has a Newtonian behavior after being in contact with the steam and the nanocatalyst. It implies that viscosity reduction can be enhanced at both surface and subsurface conditions. Figure 16 shows the rheological behavior at 25 °C for the three scenarios: virgin heavy crude oil, heavy crude oil after steam injection, and heavy crude oil after steam injection assisted by nanoparticles.



Besides, trimetallic nanoparticles of Ni, W, and Mo were dispersed in vacuum oil gas to perform an steam-assisted gravity drainage (SAGD) test, for a temperature range of 320–340 °C [137]. The catalytic activity of the nanomaterial promotes a decrease in sulfur- and nitrogen-based gas production, reducing the emission of greenhouse gases, and producing valuable end products. In the case of Cyclic Steam Stimulation (CSS), it was simulated at 240 °C, using a silica sand pack doped with nickel nanoparticles. The recovery factor increases by 10% respect to the scenario in the absence of the nanoparticles [138]. In addition, the same process was simulated to evaluate the influence of the nanoparticles for promoting aquathermolysis reactions between 150 and 220 °C. In this particular experiment, the nanoparticles were mixed with the heavy oil before the start of the process. An incremental in 14% for oil recovery factor was reached at 220 °C [24].





6. Influence of Nanoparticles in Pyrolysis Reactions


Within the processes of asphaltenes decomposition, both in processes involving the air or steam injection, there is the possibility of chemical interactions occurring between the products of pyrolysis reactions such as coke. Pyrolysis or thermolysis is basically the thermochemical decomposition of the crude oil components at elevated temperatures in the absence of oxygen [139]. Early studies showed that thanks to thermal cracking, the crude oil recovery was improved because the elevated temperatures at which this reaction occurs allows a change in the C/H ratio, a reduction in the content of nitrogen and sulfur [140]. The oil produced had a high reduction in the asphaltene content and an increase in saturates. The gas was mainly composed of hydrogen, methane, and ethane. In this order of ideas, from the bitumen, gas, coke, and oil are generated as main products [140]. Due the high temperatures of this reaction, implementing nanocatalysts to reduce the temperature and enhance the crude oil under the thermal cracking of its heavy fractions has recently been studied.



The performance of three transition metal oxides NiO, Co3O4, Fe3O4 has been compared in the pyrolysis of asphaltenes under inert conditions [44]. In terms of thermal cracking temperature reduction of asphaltenes and the energy needed to activate the thermolysis reactions, a better performance was carried out by the NiO nanoparticles followed by Co3O4 and Fe3O4 [44]. Besides, the study reported that during the pyrolysis of asphaltenes, the C-S bonds are broken around 350–400 °C, while the C-C bonds require temperatures higher than 400 °C, which are relatively elevated temperatures, and for which the use of a catalyst is necessary, with which, these temperatures are reduced to approximately 250–300 °C. Asphaltenes from Maya crude oil were subjected to pyrolysis, obtaining maltenes, gases, and coke as products [141]. This is explained by the fact that heterocyclic nitrogen can play a key role in the thermal cracking reactions of asphaltenes and resins, since the first reactions involve the breaking of aromatic alkyl bonds. On the other hand, secondary reactions involve the condensation of aromatic rings and the aromatization of naphthenes. According to this, the first step for the formation of coke from the heavier fractions of the crude matrix is the obtaining of volatile hydrocarbons [142].



In addition, for ex-situ- and in-situ-prepared NiO nanoparticles, the coke residue of pyrolysis and post-pyrolysis was investigated through temperature-programmed pyrolysis (TPP) and temperature-programmed oxidation (TPO), and it was demonstrated that in-situ NiO nanoparticles, compared to the ex-situ NiO, modify the oxidation temperature by approximately 100 °C below the initial one for the free coke, this added to a significant reduction in the activation energy. These results are corroborated with the conversion (α) of the free coke, in-situ prepared coked NiO and ex-situ prepared coked NiO after the TPP test at three different heating rates, and in all cases, the temperature necessary to convert the same fraction follow the order free coke > coked ex-situ NiO > coked in-situ NiO. Figure 17 shows the relationship between the activation energy and temperature/conversion.



Figure 17 confirms the greater catalytic effect of the coke over in-situ nanoparticles NiO, because coke decomposition reactions start at lower temperatures, compared to ex-situ nanoparticles, and without nanoparticles. Additionally, the energy needed to generate the same degree of conversion decreases for the presence of nanoparticles (Figure 17b). For example, to convert 50%, the activation energy follows the order in-situ < ex-situ < free coke.



Different nanomaterials have been applied to study the pyrolysis of asphaltenes, its oxidation after the pyrolysis of the coke formed. NiO nanoparticles can improve the efficiency of both processes including influencing the oil production in situ of the reservoir [42]. Silica and magnetite nanoparticles increase the amount of fuel produced at low and high temperatures under oxidation and pyrolysis reactions. These nanoparticles achieve a reduction of the activation energy by increasing the production of crude oil [143]. The experimental data suggest that the thermal cracking of asphaltenes and resins to coke is a complex process in which the following reactions take place: (a) cracking of alkyl chains of aromatic groups, (b) dehydrogenation of naphthenes to form aromatic compounds, (c) condensation of aromatics to higher fused ring aromatic compounds, and (d) dimerization/oligomerization reactions. The loss of alkyl chains always accompanies thermal cracking and the dehydrogenation/condensation reactions are a consequence of hydrogen deficient conditions. These results reflect the catalytic capacity of nanoparticles that vary from transition metals, metal oxides, and even organic base, achieving improved efficiency of oxidation, gasification, pyrolysis reactions individually or combined allowing the upgrading of heavy and extra-heavy crude oils through of the decomposition of asphaltenes.




7. Influence of Nanoparticles on Electromagnetic Heating for Heavy Crude Oil


The radiation heating for the recovery of heavy crude oil is divided into distinct categories depending on the type of frequency of the electric current used to generate the heating [144]. For low frequencies, heating by resistance or ohmic is given, while the induced heating, on the other hand, induces a secondary current to produce heat, and for high frequencies (microwave) the way to generate heat is due to the molecules forming dipoles and they align them in an electric field. The electrical current is induced by a coil located in the injector well, and in general, it is recommended to use two horizontal wells like the SAGD technique [145]. Since most conventional methods do not resist processes involving high pressures and high temperatures (HTHP), the application of electromagnetic energy has been chosen in conjunction with the application of nanotechnology. During a study, a noninvasive method was evaluated in order to inject magnetic irradiation into the reservoir in conjunction with a dielectric nanofluid, this in order to increase oil production through perturbations in the water/oil interface [146]. The study showed that the presence of magnetic nanoparticles compared to commercial surfactant (SDS) increases the recovery factor in the absence of EM and with the irradiation of these waves, the recovery of residual oil increased even more.



In addition, a key factor was the viscosity of the dielectric nanofluids which allows improving the sweeping efficiency and therefore the amount of oil recovered [146]. Due to the ability to absorb microwaves, metal oxide nanoparticles have been widely studied for the improvement of heavy crude oils by increasing the temperature of the system. Oxides of iron, nickel, and copper were used experimentally in microwave heating and obtained a viscosity reduction of up to 20% for nickel NPs which showed the best performance at lower microwave powers [147].



Copper oxide and nickel oxide nanoparticles of 50 nm enhance the oil recovery in low permeability carbonates, giving as main results an oil recovery by 9%–22% over the recovery by other conventional methods like waterflooding. Between copper (II) oxide (CuO), nickel oxide (II), and iron (III) oxide, NiO nanoparticles increase the recovery factor (85%) above the other two nanoparticles due to the fact that these nanoparticles are less conductive and therefore travel more slowly than CuO and Fe2O3. Cobalt ferrite nanoparticles (CoFe2O3) have also been used to improve this technique. These nanoparticles of 51.17 nm are injected into a glass beads sample in the PVC column under the scheme shown in Figure 18 [148].



The nanoparticles are pumped into the glass bed while being exposed to EM waves for 24 h through a generator function. Finally, the recovery factor is calculated, and its results are shown in Table 2.



Iron nanopowder, iron oxide, and iron chloride were used to evaluate de viscosity reduction, and due to the strong attraction for asphaltenes the iron nanopowder achieves a significant reduction in viscosity with respect to the other two [149]. In addition, varying the concentration of the nanopowder, it was found that there is a critical concentration of nanoparticles that generates the greatest efficiency in viscosity reduction [111,150].



Finally, another application reported thanks to the effect of reducing the speed of the electromagnetic waves when crossing magnetic media (higher magnetic permeability), allows a mapping inside the reservoir by locating magnetic nanoparticles inside the injected fluids and in this way mapping its flood front and movement of fluids [146,151].




8. Implementation Plan of Nanotechnology for the Steam Injection Process


Applications of nanotechnology in EOR has not had much attention in the past due to inadequate understanding of the mechanism, high chemical costs, and low crude oil prices. However, a complete plan implementation will allow the exploitation of recent advances in nanotechnology, being a novel and cost-efficient alternative. It is necessary to develop a technology implementation plan that provides better results in pilot tests for the subsequent expansion and the successful application of nanoparticles in thermal enhanced oil recovery processes. This plan aims to provide selection criteria reducing the risks and uncertainties associated with conventional technology and application of nanotechnology as a means to improve the process, considering the critical parameters in the performance and technical limits. The methodology to carry out the implementation plan could be divided into three principal stages of work. These are (1) experimental evaluation, (2) reservoir characterization and engineering, and (3) management of surface facilities. The experimental evaluation will allow to determinate the phenomena that occur when executing the nanotechnology at well scale. Information about the efficiency of the process through the use of nanotechnology is obtained through different tests. Thus, the type of tests can be classified into two main groups, static tests and dynamic tests [29,30,32,33,38,41,45,82,152,153]. In the reservoir characterization and engineering stages, it is of primary importance to analyze the characteristics and dynamics of production of the field in order to determine the viability of the steam injection technology through the use of nanofluids. Different properties and characteristics such as viscosity, API gravity, permeability, porosity, pressure, and oil saturation should be evaluated. This stage provides important information for making predictions, evaluating various development plans that allow defining the best scenario to recover the hydrocarbons present in the reservoir. Moreover, the information necessary to carry out a methodology for the selection of the well or the most appropriate pilot area where the enhanced thermal recovery method can be implemented by using nanotechnology is obtained. The third stage will allow guaranteeing the optimal and safe operation of the surface facilities during the operations of production, separation, storage, and injection of fluids a strategic plan to dispose and control the fluids produced is realized. This includes knowledge about fluid, regulations and nanoparticle disposition, monitoring of the nanoparticles, control, and quality of water, design of surface facilities, among others.




9. Environmental Impacts


According to the literature, catalytic nanoparticles for in situ heavy oil upgrading have demonstrated a reduction in costs and positive environmental impacts [154,155]. Among the advantages that offer the use of NPs in thermal oil recovery processes are (1) decreasing heat consumption, the NPs in contact with oil molecules accelerate the cracking and hydrogenation of hydrocarbons, generating more heat and gaseous products that further improve the oil detachment from the rock. Therefore, the introduction of NPs to catalyze the chemical reactions generate a reduction of the heat consumption [54]; (2) sulfur removal, to meet the strict environmental regulations on hydrocarbons transportation [156]. Several authors have demonstrated a marked sulfur removal effect evidencing the effectiveness of NPs application for enhanced upgrading and better product quality [92,132,157,158]; (3) reduction of water consuming, ZnO2 nanoparticles have shown a reduction of viscosity and increases heavy crude oil recovery whereas WCUT% is decreased through the SAGD process [159]; (4) reduction of toxic chemical and capital cost of lifting operation and transportation from downhole to refinery center. The main techniques that exist for the OH and EHO transportation require the addition of solvents (light crude oil, naphtha, diesel, among others) or gases (mainly, CO2), as they contribute to reducing oil viscosity [160,161,162,163]. High consumption of solvents increases transportation costs and generates different environmental risks due to the production of polluting gases. It has been demonstrated that addition of 10% of nanofluids prepared with biodiesel and 1000 mg·L−1 of SiO2 nanoparticles can reduce the naphtha by more than 50% [92]; (5) reduction of greenhouse gases, CO2 leakage prevention mechanisms through nanoparticle application have been reported. The study evidenced a remediation strategy by effect of injection of nanoparticle dispersion into a leakage pathway after CO2 escape [164]. (6) Environmental remediation technology nanoparticles represent a new generation of environmental remediation technologies that could help solve some of the most challenging environmental problems [165,166,167]; (7) reduction of technology costs since NPs can be cheaper than chemicals, for example, it has been reported that silica nanoparticles (SiNPs) improve oil production being environmentally friendly since are the main component of sandstone [143,168]. SiNPs are cheap and their chemical behavior could be easily controlled by surface modification [168]. Figure 19 shows an example of (a) sulfur reduction in the presence of nanocatalysts and (b) reduction of naphtha consumption. All advantages mentioned make evident that nanoparticles applied in EOR processes have the ability to improve oil production being environmentally friendly, less expensive, and more efficient compared to traditional chemicals. By this reason, the intensive search of nanomaterials to EOR processes is needed.




10. Emerging Trends


Chemically based gas and water shut-off strategies by injection of gels or foams/emulsion and emulsion generation in presence of nanoparticles is a novel and recent strategy specifically aim to improve the mobility ratio between the injected EOR fluid and the reservoir crude oil. The existence of natural heterogeneities, such as zones of high permeability and fractures cause a decreasing in the sweep efficiency of the injected gas, in this sense the generation of emulsions and/or foams/emulsions or gels injection, are used as an alternative to block preferential channels. Thus, the injected fluid flows in the more permeable paths and it is forced to flow through the upswept regions. This behavior leads to higher oil displacement and an increase in sweep improving oil recovery.



Liquid foams are dispersions of gas bubbles in a continuous liquid phase, and are metastable systems [169]. Their unstable nature is a critical issue in a variety of well-established industrial applications. Most of the time, foams are stabilized using surface active agents such as surfactants adsorbed at the bubble surface. However, harsh reservoir conditions, high temperature, pressure, salinity, rock surface adsorption, and presence of electrolytes and solid particulate material in the lamellae decrease the stability of the foams and often limit their application in gas injection processes [170,171,172,173,174,175]. Recent studies show that NPs are able to improve the foam stability at severe reservoir conditions and subsequently oil recovery is improved. Inorganic oxide nanoparticles such as silica [176,177,178,179,180,181,182], Al2O3 [183,184,185], carbonate [186], TiO2 [182], CuO [182], and fly ash nanoparticles [187,188] have been evaluated in foam stabilization. In particular, Figure 20a shows the oil recovery through waterflooding before (Step 1) and after (Step 2) the injection of surfactant (PSCI) in the absence (PSC1) and presence (PSC1 + SiO2) of SiO2 nanoparticles [177]. On another hand, in recent years nanoparticle-stabilized emulsions without surfactants or colloidal particles have gained great interest. SiO2 [189,190], hydrophilic/hydrophobic silica [191,192], silica nanospheres [190], γ-Al2O3 [193] nanoparticles have evidenced O/W emulsions stabilized emulsion.



Another interesting water shut-off strategy to improve the volumetric sweep efficiency is related to the injection of gels. Gels are mainly synthesized by the bond of a high molecular weight polymer with a crosslinker in the presence of additives. Partially hydrolyzed polyacrylamides (HPAM) [194,195,196] and xanthan gum [196,197] are the polymer commonly used in water shutoff applications due to low cost, high viscosity at low concentrations, and availability. In general, the gels have limitations such as degradation by the effect of harsh reservoir as well as the adsorption of the chemicals over the rock [198]. Recent works have reported that the inclusion of nanoparticles to gels improve its stability and viscoelastic properties stability under static and dynamic conditions [199,200]. In addition, higher oil recovery values are observed in the presence of nanoparticles as shown in Figure 20b [199]. Displacement tests showed that inclusion of Al2O3 nanoparticles to partially hydrolyzed polyacrylamide/resorcinol/formaldehyde gel systems increases 64% of oil recovery in comparison with the system in the absence of nanoparticles [199]. Furthermore, the enhancement of the thermal stability and viscoelastic properties by effect of the addition of zirconium (IV) hydroxide (Zr(OH)4) nanoparticles to organically crosslinked polyacrylamide (PAM) hydrogels using hydroquinone (HQ) and hexamethylenetetramine (HMT) have been reported [200]. To the best of our knowledge, there are just two studies in the specialized literature reporting on improvement of stability of gels in the presence of NPs. In this order of ideas, exhaustive investigations on improvement of stability of gel by effect of NPs must be carried out




11. Conclusions


In recent years, the application of nanoparticles in thermal oil recovery processes has attracted strong research interest. The current review shows that nanoparticles as adsorbent and catalysts have great potential applications for extra-heavy and heavy crude oil upgrading and recovery enhancement. Nanoparticles can decompose asphaltenes under different atmospheres, such as air, steam, inert, and even in electromagnetic treatments. This means that nanotechnology can effectively improve the efficiency of all thermal recovery processes (ISC, CSS, SAGD, THAI, THAI/Capri, among others). This is mainly due to the adsorptive and catalytic properties that the nanoparticles have, their high affinity for asphaltenes, and their capacity to accelerate the reactions that occurred under oxidative, gasification, and pyrolysis conditions.



In addition, thermal oil recovery by the addition of nanoparticles presents several advantages in terms of environmental and costs impacts: decreasing heat consumption, sulfur removal, reduction of water consumption, reduction of toxic chemical and capital costs, reduction of greenhouse gases, environmental remediation, and reduction of technology costs. Even though the application of nanoparticles in thermal oil recovery processes presents several advantages, exhaustive investigations on improving synthesis method of nanomaterials and expansion of applications of existing nanomaterials need to be carried out. Finally, successful implementation of NPs to thermal oil recovery processes will facilitate the application of nanomaterials in the oil and gas industry.
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Nomenclature




	CNC
	Cellulose nanocrystals



	CNS
	Carbon nanospheres



	CSS
	Cyclic Steam Simulation



	EHO
	Extra-heavy crude oil



	EM
	Electromagnetic heating



	EOR
	Enhanced oil recovery



	HMT
	Hexamethylenetetramine



	HO
	Heavy crude oil



	HPAM
	Partially hydrolyzed polyacrylamides



	HP-DSC
	High-pressure differential scan



	HQ
	Hydroquinone



	HTHP
	High temperature and high pressure



	IEA
	International Energy Agency



	IFT
	Interfacial Tension



	IOR
	Improved Oil Recovery



	ISC
	In-Situ Combustion



	NPs
	Nanoparticles



	PAM
	Polyacrylamide



	SAGD
	Steam-Assisted Gravity Drainage



	SBA-15
	Mesoporous silica



	SLE
	Solid-Liquid Equilibrium



	RF
	Recovery factor



	THAI
	Toe-to-Heel Air Injection



	THAI/CAPRI
	Toe-to-Heel Air Injection (catalytic PRI)



	TEO
	Transition element oxides



	TEOR
	Thermal enhanced oil recovery



	TGA
	Thermal Gravimetric Analysis
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Figure 1. Molecular models (a) M1 and (b) M2 used to represent asphaltene fractions A1 and A2, respectively. Reprinted with permission [70]; Copyright 2018, ACS Publications. 
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Figure 2. Graphical representation under a molecular model of an asphaltene nucleus or nanoaggregate composed of three M2 -type molecules and four M1-type molecules. The length of the red line is 2.9 nm. Reprinted with permission [70]; Copyright 2018, ACS Publications. 
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Figure 3. Molecular structure for (a) resin I and (b) resin II of Castilla crude oil. Molecular characteristics: H/C = 1.49 and H/C = 1.40 for resin I and resin II, respectively. The average molecular weight of resin I is between 500 and 900 Da and for resin II between 700 and 1300 Da. Aromaticity factor is equal to 0.57 and 0.32 for resins I and II, respectively. Reprinted with permission [76]; Copyright 2004, Ecopetrol S.A. 
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Figure 4. Comparison of rate of mass loss for n-C7 asphaltenes under different atmospheres such as steam [49], inert gases [44], and air [82] performed at atmospheric pressure. Adapted with permission from Cardona et al. [49], Nassar et al. [44], and Franco et al. [82]. 
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Figure 5. Basic scheme of the reaction associated with the oxidation of asphaltenes and the catalytic effect of the nanoparticles. Route 1: R-CO• radicals are generated, and CO is released, Route 2: -CHO groups are oxidized into compounds containing carboxyl groups, and CO2 is generated. 
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Figure 6. Chemical structure for alumina (a) acid, (b) basic, and (c) neutral. Reprinted with permission [101]; Copyright 2011, Elsevier. 
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Figure 7. TEM image of Janus nanoparticles synthesized (a) general view, (b) side view, and (c) adsorption isotherms of asphaltenes on silica nanoparticles and Janus type at 25 °C. CE (mg·L−1) is the concentration at equilibrium of the asphaltene and q (mg·m−2) represents the adsorbed amount of asphaltenes over nanoparticles. Adapted with permission from Giraldo et al. [105], and Rebeka Diez et al. [104]. 
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Figure 8. Asphaltene disaggregation through adsorption mechanism on nanoparticles. 
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Figure 9. Asphaltene adsorption mechanism on nanoparticles. The interactions between the nanoparticles and the asphaltenes are favored by the functional groups present in the molecular structure of each one, depending on the nature of the nanoparticle, this will have active groups such as Si-OH, Al-OH, M-OH among others. 
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Figure 10. Viscosity as a function of shear rate in absence and presence of different nanoparticles such as basic silica of 8 nm (S8B), acidic silica of 8 nm (S8A), neutral silica of 8 nm (S8), alumina of 135 nm (A135), and Fe2O3 of 97 nm (F97). Reprinted with permission [94]; Copyright 2017, Elsevier. 
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Figure 11. Scheme of oxidative reaction and asphaltene oxidation under air atmosphere obtained by several nanomaterials. SiO2 nanoparticles functionalized with a mass fraction of 1% of NiO and PdO (SNi1Pd1), with 0.66% of NiO and PdO (SNi0.66Pd0.66), with 2% of NiO (SNi2) with 2% of PdO (SPd2), basic silica (BS), neutral silica (NS), acidic silica (AS), and others. 
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Figure 12. Basic scheme of the gasification process of asphaltenes in the presence of nanoparticles. Several steps are shown, (i) asphaltene viscoelastic network followed by the (ii) asphaltene adsorption on nanoparticles generating the viscosity reduction by the disaggregation of the viscoelastic network. (iii) Steam injection and (iv) asphaltene decomposition by effect of catalytic steam gasification process assisted by nanoparticles. The equation refers to the products generally obtained in the gasification of heavy hydrocarbons. 
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Figure 13. Three components simplex-centroid mixture design with ceria support (CeO2) functionalized with nickel oxide (NiO) and palladium oxide (PdO). Reprinted with permission [88]; Copyright 2019, MDPI. 
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Figure 14. Effect of steam quality (X = 50% or 100%) in recovery factor for steam injection process in the presence of nanofluid with monometallic and bimetallic nanoparticles. Recovery factor curve reprinted with permission [87]; Copyright 2018, Universidad Nacional de Colombia. 
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Figure 15. Saturates, aromatics, resins, and asphaltene content analysis of an extra-heavy crude oil before and after recovery with steam injection in the presence and absence of 1000 mg·L−1 of SiNi1Pd1 nanoparticles. Injection pressure and temperature were maintained at 8.96 MPa and 300 °C, respectively. Reprinted with permission [49]; Copyright 2018, MDPI. 
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Figure 16. Rheological behavior of an extra-heavy crude oil in the presence and absence of steam assisted and nonassisted by 1000 mg·L−1 of SiNi1Pd1 nanoparticles. Operation conditions was fixed at 8.96 MPa and 300 °C. The points are the experimental data and the continuous line refers to the Cross model. Reprinted with permission [49]; Copyright 2018, MDPI. 
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Figure 17. Relationship between activation energy (Eα) with (a) conversion degree (α) and (b) temperature for thermo-oxidative decomposition of post-temperature-programmed pyrolysis (TPP) samples in the presence and absence of NiO nanoparticles in-situ and ex-situ. Reprinted with permission [38]; Copyright 2018, ACS Publications. 
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Figure 18. Schematic diagram of the experimental setup for nanofluid enhanced recovery oil (EOR). Reprinted with permission [148]; Copyright 2012, Trans Tech Publications Ltd. 
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Figure 19. Positive environmental impacts. (a) Sulfur content of produced liquid samples from porous media at different times in the absence and presence of tri-metallic ultra-dispersed (UD) nanocatalysts. Reprinted with permission [157]; Copyright 2013, ACS Publications. (b) Viscosity and reduction consume of naphtha through the addition of 1000 mg·L−1 of SiO2. Reprinted with permission [92]; Copyright 2017, Elsevier. 
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Figure 20. Oil recovery tests applying nanoparticles in foams and gels. (a) Oil recovery through waterflooding before (Step 1) and after (Step 2) the injection of surfactant (PSCI) in the absence (PSC1) and presence (PSC1 + SiO2) of SiO2 nanoparticles. Reprinted with permission [176]; Copyright 2018, ACS publications. (b) Oil recovery through waterflooding before (Step 1) and after (Step 2) the injection of gel in the absence (GEL) and presence (GEL + Al2O3) of Al2O3 nanoparticles. Reprinted with permission [199]; Copyright 2018, Wiley Periodicals, Inc. 






Figure 20. Oil recovery tests applying nanoparticles in foams and gels. (a) Oil recovery through waterflooding before (Step 1) and after (Step 2) the injection of surfactant (PSCI) in the absence (PSC1) and presence (PSC1 + SiO2) of SiO2 nanoparticles. Reprinted with permission [176]; Copyright 2018, ACS publications. (b) Oil recovery through waterflooding before (Step 1) and after (Step 2) the injection of gel in the absence (GEL) and presence (GEL + Al2O3) of Al2O3 nanoparticles. Reprinted with permission [199]; Copyright 2018, Wiley Periodicals, Inc.



[image: Energies 12 04671 g020]







[image: Table] 





Table 1. Conventional methods of thermal enhanced oil recovery, mechanisms, and limitations.
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	Method
	EOR Mechanism
	Limitation





	Cyclic steam stimulation (CSS)
	Viscosity reduction
	High energy cost



	In-situ combustion (ISC)
	Distillation and breaking of heavy crude oil fractions
	Heat leakage to the undesired layers



	SAGD
	Oil expansion
	Low effective thermal degradation



	Electrical heating
	Gravity drainage
	Heat loss from heat generator to the reservoir
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Table 2. Enhanced oil recovery after nanofluid injection in the absence and presence of electromagnetic waves. Adapted with permission [148]; Copyright 2012, Trans Tech Publications Ltd.
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	Stage
	Original Oil in Place (mL)
	Volume of Oil Recovered after Water Flooding (mL)
	Residual Oil in Place after Water Flooding (mL)
	Oil Recovered after Nanofluid Injection (mL)
	Percentage Recovery Factor (%)





	Nanofluid injection
	46.0
	34.5
	11.5
	1.0
	8.7



	Nanofluid injection with electromagnetic waver
	42.5
	33.0
	9.5
	3.0
	31.6











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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